Month-to-month storm-track variability is investigated via EOF analyses performed on ERA-40 monthlyaveraged high-pass filtered daily 850-hPa meridional heat flux and the variances of 300-hPa meridional wind and 500-hPa height. The analysis is performed both in hemispheric and sectoral domains of the Northern and Southern Hemispheres. Patterns characterized as ''pulsing'' and ''latitudinal shifting'' of the climatologicalmean storm tracks emerge as the leading sectoral patterns of variability. Based on the analysis presented, storm-track variability on the spatial scale of the two Northern Hemisphere sectors appears to be largely, but perhaps not completely, independent.
Introduction
Midlatitude storms are a major component of the dayto-day weather variability at the earth's surface and throughout the troposphere. Storms act to redistribute heat and momentum and thereby help to maintain the climatological-mean atmospheric temperature distribution and other fundamental features of the atmospheric general circulation. Midlatitude storms are also the energy source for much of the transient variability of the extratropical circulation. Available potential energy is initially converted into eddy kinetic energy in baroclinic waves, but the waves transfer some of their kinetic energy back to the background flow in the later stages of their life cycle (Lorenz 1955; Simmons and Hoskins 1978) . Because the background flow (e.g., zonal wind) has a characteristic decorrelation time scale generally longer than that associated with the life cycle of a baroclinic wave, and because baroclinic waves produce momentum fluxes that accelerate the background flow, the coupled interaction of baroclinic waves with the background flow can generate atmospheric flow anomalies with longer decorrelation time scales than those associated with the baroclinic waves themselves.
The dominant patterns of geopotential height variability in the extratropical atmosphere on time scales longer than a month have been described and discussed in numerous previous studies. Wallace and Gutzler (1981) described a set of Northern Hemisphere wintertime ''teleconnection patterns'' including the eastern Atlantic (EA), Pacific-North America (PNA), western Atlantic (WA), western Pacific (WP), and Eurasian (EU) patterns in the 500-hPa geopotential height field and the North Pacific (NP) and North Atlantic (NA) patterns in the sea level pressure (SLP) field. Many of these patterns were recognized as being similar to previously identified climate variability patterns including the North Atlantic Oscillation (NAO; Walker and Bliss 1932) and a zonally symmetric latitudinal seesaw in SLP (Lorenz 1951) . Thompson and Wallace (1998, 2000) and Gong and Wang (1999) focused attention on zonally symmetric Northern Hemisphere and Southern Hemisphere annular modes (NAM and SAM). Quadrelli and Wallace (2004) noted that the NAO/NAM, PNA, and several other Northern Hemisphere geopotential height variability patterns defined in a variety of ways can be represented as linear combinations of the two leading SLP principal components (PCs). Their study suggests that the dominant patterns of SLP variability can be combined to adequately represent the dominant patterns of geopotential height variability at levels extending through the depth of the troposphere.
The dominant patterns of midlatitude storm-track variability on time scales of a month or longer have also been documented in a number of previous studies. Lau (1988) identified dominant patterns of Northern Hemisphere winter (November to March) storm-track variability based on principal component analysis of monthly averaged root-mean-square (rms) 2.5-6-day bandpass filtered, twice-daily 300-and 500-hPa geopotential height and SLP fields in the North Pacific and North Atlantic in operational analysis produced by the National Meteorological Center from 1963 to 1981. The first two modes of storm-track variability in rms 500-hPa height variance shown in Figs. 2 (Pacific) and 3 (Atlantic) of Lau (1988) consist of monopoles that represent variability in the overall intensity of the storm tracks and dipoles that represent meridional shifts of the climatological-mean storm tracks. The monopole (dipole) structure was shown to be dominant in the North Pacific (Atlantic). The correlations found by Lau (1988) between the teleconnection patterns described by Wallace and Gutzler (1981) and the dominant modes of storm-track variability identified in his study are shown in Table 1 . Chang and Fu (2002) identified significant monthto-month, interannual, and interdecadal covariability between North Pacific and North Atlantic monopole patterns associated with the first principal components of 24-h differenced and spatially smoothed 300-hPa meridional wind speed variance in the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis. Based on data from the 1948/49 to 1998/99 winters (December to February), the intersectoral correlations were 0.43 for monthly data and 0.47 for seasonal averages. Because of the interbasin covariance, the authors suggested the existence of a hemispheric-scale pattern of storm-track variability, whose time evolution included a systematic shift toward enhanced Northern Hemisphere storm-track intensity in the early 1970s. The winter average index of Northern Hemisphere storm-track intensity was also found to be significantly correlated with the NAM index of Thompson and Wallace (2000; r 5 0.40) and with the El Niñ o-Southern Oscillation (ENSO)-like interdecadal variability of Zhang et al. (1997; r 5 0.53). Chang (2004) supported the idea of a hemispheric pattern of stormtrack variability by noting local correlations of up to 10.5 between the North Pacific and Atlantic 250-hPa meridional wind variance in the NCEP-NCAR reanalyses and the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) and in aircraft observations but also noted that high correlations tend to be concentrated during specific intervals of the record and are not generally reproduced in model experiments. Trends in storm activity based on sonde data (Harnik and Chang 2003) and based on marine SLP observations and obtained in a statistical model (Chang 2007) are smaller than in the reanalysis datasets, especially in the Pacific sector.
On the basis of a simplified dynamical argument, Hoskins (1983) theorized that the climatological-mean storm track should induce a tripole pattern in zonal wind anomalies, with strong westerly acceleration meridionally confined to the latitudes around the core of the Lau (1988) . NH winter (Nov-Mar) monthly indices of 1963-81 storm-track and geopotential height variability were used to generate the values. ''Monopole,'' ''dipole,'' and ''multipole'' labels are assigned to storm-track variability modes based on descriptions in the original text. WP, EA, WA, and EU teleconnection patterns defined by Wallace and Gutzler (1981) storm track and lobes of weaker easterly acceleration on both the equatorward and poleward flanks. It might also be expected that month-to-month and interannual variability in the strength or location of the storm tracks could change the zonal wind distribution by altering the spatial distribution of transient momentum fluxes.
In this paper, we will reassess month-to-month stormtrack variability in the reanalysis datasets. We will reaffirm that ''pulsing'' and ''latitudinally shifting'' patterns tend to dominate the leading indices of month-to-month storm-track variability in both hemispheres and in a variety of indicator variables through the depth of the troposphere. We will show that the leading patterns of stormtrack variability based on the analysis presented here are predominantly ''sectoral'' rather than ''hemispheric'' in nature. We will also show that indices associated with the leading patterns of storm-track variability through the depth of the troposphere have strong preferred relationships to both the dominant patterns of geopotential height variability and to simple distortions of the uppertropospheric jet stream configuration.
The next section describes the data and methods of analysis used in this study. Section 3 investigates the extent to which storm-track variability is hemispherically coherent. In section 4, we identify the dominant patterns of month-to-month storm-track variability in sectors of the Northern and Southern Hemispheres (NH and SH). In section 5, we explore the relationship between the primary patterns of storm-track variability and the primary patterns of geopotential height variability. In the discussion section, we summarize these results and relate them to variations in the upper-tropospheric jet configuration. The primary goal of this paper is to highlight the relationship between the dominant patterns of geopotential height and storm-track variability.
Data and methods
The primary dataset used in this study is instantaneous (1200 UTC) fields from 1958-2001 ERA-40 data. All of the results have been compared with corresponding analysis based on daily averaged 1948-2005 fields from the NCEP-NCAR reanalysis and are found to be qualitatively similar. A more extensive selection of results based on the NCEP-NCAR reanalysis is presented in Wettstein (2007) . In both reanalysis products, there is a prominent increase in Southern Hemisphere stormtrack intensity and an accompanying change in the variability of other fields (e.g., geopotential height) in the late 1970s, around the time of a large increase in the volume of satellite data incorporated into the reanalyses. An analogous, but weaker, increase in the intensity of Northern Hemisphere storm tracks occurs in the NCEP-NCAR reanalysis but is not as obvious in ERA-40. Because we are not primarily concerned with low-frequency variability or the veracity of rapid transitions, Northern Hemisphere results will be presented for the full 1958-2001 period of record, but Southern Hemisphere results will be shown only for the 1980-2001 interval, after the time of the introduction of the satellite data.
Like the studies described in the introduction, the results in this paper provide an Eulerian perspective of storm-track variability based on variance and covariance statistics rather than a Lagrangian perspective that tracks high and low pressure centers through a storm's life cycle. The objective of this paper is to identify robust statistical relationships-a task for which the Eulerian perspective is well suited (Hoskins and Hodges 2002) .
For both reanalyses, once-daily meridional wind y, zonal wind u, temperature T, and geopotential height z fields at different tropospheric and lower-stratospheric levels (1000, 925, 850, 775, 700, 600, 500, 400, 300, 250, 200, 150 , and 100 hPa) were used to describe the position and intensity of the storm track. The variables used as candidate storm-track indicators include (i) meridional wind speed variance yy (ii) geopotential height variance zz, (iii) meridional heat flux yT, (iv) meridional flux of zonal momentum yu, (v) eddy kinetic energy (yy 1 uu) and (vi) anisotropy of the eddy wind field associated with zonal eddy propagation yy 2 uu at the indicated pressure levels. The meridional wind speed y is well suited for this study because it tends to emphasize meridionally elongated features typical of baroclinic waves (Trenberth 1981; Chang 1993) . For the sake of brevity, we will focus mostly on 300-hPa yy [as in Chang and Fu (2002) , hereafter referred to as ''baroclinic wave activity aloft''] and, to a lesser extent, on 500-hPa zz (as in Lau 1988 ) and 850-hPa yT. We will describe the relationship between the two leading patterns of variability based on these different storm-track intensity indicators. In many instances, qualitatively similar results are obtained based on different indicator variables over the full range of tropospheric and lower-stratospheric pressure levels listed above.
To emphasize the variability associated with baroclinic waves, we filtered the daily fields with a 13th-order high-pass Butterworth filter with a 50% signal cutoff at a nominal period of 6 days. Corresponding results derived from unfiltered fields (not shown) exhibit more complex spatial patterns and are less statistically robust, especially during the Northern Hemisphere winter when an appreciable fraction of the variance is due to blocking and other low-frequency phenomena. Qualitatively similar results were obtained based on several different highpass and bandpass filters (not shown).
For the ERA-40 reanalysis, variables were filtered over the entire 1 September 1957-31 August 2002 record but results are based on 1958-2001 data (1980-2001 in the Southern Hemisphere) to remove the filter's impulse effects at the beginning and end of the record. Storm-track intensity indicator fields were generated by monthly averaging the filtered daily time series and then subtracting the 44-yr (22-yr for SH) mean of each month to remove the climatological-mean annual cycle. Every result in this paper is based on monthly averaged anomalies from the annual cycle calculated in a similar fashion.
Following Chang and Fu (2002) , North Pacific (208-908N, 1208E-1008W) and North Atlantic (208-908N, 908W-508E) sectors are used here. The South Pacific (208-908S, 1608E eastward to 208W) and South Atlantic-Indian (208-908S, 208W eastward to 1608E) sectors defined here encompass nonoverlapping halves of the extratropical hemisphere.
Empirical orthogonal function (EOF) analysis is used to determine the leading patterns of month-to-month storm-track variability. The analysis is performed independently for each storm-track intensity indicator statistic at each atmospheric level within each sector and in the hemispheres as a whole. The monthly mean gridded reanalysis data are weighted by the square root of the cosine of latitude prior to the EOF analysis to appropriately account for the different area represented at each grid point. The resulting time series are referred to as principal components (PCs) and the corresponding spatial patterns as EOFs. The EOFs and all related spatial patterns are generated by regressing the entire field of hemispheric anomalies in the specified variable onto a standardized time series (onto the standardized PC in the case of an EOF pattern). The resulting maps therefore represent the hemispheric-scale variability in the field associated with one standard deviation of the reference time series. While the spatial patterns obtained by regressing a field upon its standardized PCs are not, strictly speaking, EOFs, they provide the most informative spatial representation of the resultant patterns in physically intuitive units.
The leading PCs of SLP and 850-hPa geopotential height anomalies are used to define the leading patterns of geopotential height variability in the Northern and Southern Hemispheres, respectively, matching the NAM and SAM definitions given in Thompson and Wallace (2000) . The two leading PCs of SLP variability over the North Atlantic (208-708N, 908W-408E) region defined in Hurrell et al. (2003) and within an identically sized region over the North Pacific (208-708N, 1208E-1108W) are used to define sector-and PC-based indices of the NAO, EA, PNA, and WP patterns. The correlations in Table 2 demonstrate that sector-and PC-based indices of lowertropospheric geopotential height variability used here have a strong relationship to previous definitions of these patterns. Each of the sector and PC-based indices of geopotential height variability used here is also either strictly or nearly orthogonal to the other sector and PCbased geopotential height variability indices. Eigenvalues associated with the first two sector-based patterns in the Pacific (PNA and WP) and Atlantic (NAO and EA) are also more clearly separated from the rest of the spectrum than those associated with patterns based on hemispheric analysis (not shown). Indices of the NAO, PNA, EA, and WP patterns generated via sector-based PC analysis of the 500-hPa geopotential height (z 500 ) field are all highly correlated ($0.87) with the SLP-based indices used here. A correlation magnitude of between 0.09 and 0.15 is required for 95% confidence assuming strictly independent and normally distributed data with the number of monthly observations analyzed here, although substantially higher correlations are required to meaningfully reduce unexplained covariance.
Assessing hemispheric coherence
The leading EOFs of high-pass filtered 300-hPa meridional wind variance (yy 300 ; baroclinic wave activity aloft) in the Northern and Southern Hemispheres are shown in Fig. 1 . This is the same variable analyzed in TABLE 2. Correlation coefficients (in units of percent) between sector-based winter (DJFM) monthly NH SLP PCs used in this study and alternative indices in the literature. WG denotes teleconnections defined as in Wallace and Gutzler (1981) . Acronyms for the patterns are as defined in the text. PC1 NH and PC2 NH are as defined in Quadrelli and Wallace (2004 Chang and Fu (2002), but it is based on the ERA-40 rather than the NCEP-NCAR reanalysis, it is based on a slightly different high-frequency filter, and no spatial smoothing has been applied. In both the Northern and Southern Hemisphere, the dominant pattern of variability in baroclinic wave activity aloft is characterized by a strengthening/weakening of the climatological-mean storm tracks. The Northern Hemisphere pattern is qualitatively similar to the pattern shown in Fig. 1 of Chang and Fu (2002) . In both the North Atlantic and North Pacific sectors, one standard deviation in the first PC represents roughly a 20%-30% departure in the intensity of baroclinic wave activity aloft from the climatological-mean value. The leading EOF in the Southern Hemisphere exhibits an analogous relationship to the climatological-mean storm track, which is concentrated over the Atlantic/Indian Ocean sector. In both sectors of the Southern Hemisphere, one standard deviation of the first PC represents a 10%-20% departure of baroclinic wave activity aloft from the climatological mean. The second EOF in the Northern Hemisphere analysis represents a seesaw between the strength of the Pacific and Atlantic storm tracks. In the Southern Hemisphere, the second EOF is indicative of a latitudinal shift of the storm track over the eastern South Atlantic, South Indian Ocean, and western South Pacific together with a simultaneous increase in baroclinic wave activity aloft over the central and eastern South Pacific. Correlation coefficients between the first PCs and between time series of the area-weighted means of yy 300 , zz 500 , and yT 850 from the two sectors of each hemisphere are listed in Table 3 , based on two different periods of record and based both on all months and on only winter months [December-March (DJFM)] in the Northern Hemisphere. The first EOFs associated with these first PCs are shown in Figs. 2 and 3 and will be discussed in further detail in the next section. Intersectoral correlations based on the 1980-2001 ERA-40 period of record are weaker than those based on the full 1958-2001 period of record for Southern Hemisphere yy 300 and zz 500 PCs. Intersector correlations are also found to be larger in both hemispheres based on a longer period of record in the NCEP-NCAR reanalysis (not shown). To the extent that intersectoral correlation magnitudes are larger in the longer periods of record, this may be due to the general increase in storm-track intensity in the 1970s potentially associated with the incorporation of large amounts of satellite data. In addition, we found that the intersectoral correlations based on a given period of record tend to be higher in the NCEP-NCAR reanalysis (not shown) than in the ERA-40 reanalysis. Low intersectoral correlations in the Southern Hemisphere, such as those shown in Table 3 for the 1980-2001 ERA-40 period of record, are reliably reproduced based on a range of alternate sector definitions as long as those definitions separate the storm-track variability over the South Pacific from that over the South Indian Ocean. Because the majority of the correlation coefficients in Table 3 are either insignificant or too small to meaningfully reduce unexplained covariance, differences between low correlation values are not considered. Similar correlation coefficients based on the second PCs are also generally weak (not shown). Northern Hemisphere-wide patterns of variability like those in Fig. 1 occur in some, but not all, of the leading EOFs of the storm-track indicator variables (not shown). In view of the apparent weakness in intersector coupling shown in Table 3 and as shown in Figs. 2-5, the remainder of the results will focus on sectoral Northern Hemisphere domains but will retain both sectoral and hemispheric Southern Hemisphere descriptions.
4. Pulsing and latitudinally shifting patterns of month-to-month storm-track variability Figure 2 shows the first EOF of yy 300 in the Pacific and Atlantic sectors of the Northern Hemisphere superimposed on the climatological-mean yy 300 . In both sectors, the dominant pattern of month-to-month storm-track variability in yy 300 is virtually coincident with the spatial pattern of the climatological mean. These two patterns resemble the first (North Pacific) and second (North Atlantic) EOFs of the rms 500-hPa geopotential height variance described by Lau (1988) . The large amplitudes in the spatial patterns are largely restricted to the sectors within which the EOFs are calculated. The spatial patterns are qualitatively similar to those based on only winter (DJFM) months, as will be shown in subsequent figures. Figure 3 shows the first EOF of yy 300 in the two sectors of the Southern Hemisphere. The first EOF in the Atlantic-Indian sector, the more energetic of the two in terms of amplitude, coincides with the climatologicalmean storm track. The leading pattern in the South Pacific sector is oriented along the band of strong baroclinic wave activity located at about 508-558S. As in the Northern Hemisphere, the large amplitudes in the spatial patterns are largely restricted to the sectors within which the EOFs are calculated based on the results presented here.
Based on Figs. 2 and 3, a leading pattern of yy 300 variability within both the Northern and Southern Hemisphere sectors is considered to be a pulsing pattern that overlies the climatological-mean storm track and is thus an index of the anomalous strength of baroclinic wave activity aloft in the storm track. In each of the North Pacific, North Atlantic, and South Pacific sectors, one standard deviation of the pulsing pattern index represents roughly up to a 30% departure in the baroclinic wave activity aloft from the climatological mean. In the South Atlantic/Indian sector, where baroclinic wave activity aloft is most intense, one standard deviation of the pulsing pattern index represents roughly up to a 20% departure. Correlation coefficients comparing the PC1 time series of yy 300 , zz 500 , and yT 850 with the time series of the area-weighted means of the same variables in the respective sectors range from 0.76 to 0.90, further supporting the interpretation of the first sectoral PCs as pulsing (25) 2 (9) patterns of storm-track variability in these variables. This interpretation is consistent with the description of the monopole patterns found in sectors of the Northern Hemisphere by both Lau (1988) and Chang and Fu (2002) . The second EOFs of yy 300 variability within the North Pacific and Atlantic sectors, shown in Fig. 4 , consist of meridional dipoles that straddle the climatological-mean storm tracks. Like the pulsing patterns, these meridional shifts of the storm track tend to be localized within their respective sectors. These patterns are qualitatively similar to the second (Pacific) and first (Atlantic) modes derived from the EOF analysis of rms 500-hPa geopotential height variability described by Lau (1988) . The spatial patterns are also qualitatively similar to those based on only winter (DJFM) months, as will be shown in subsequent figures. Hemisphere. In both the Pacific and Atlantic/Indian sectors, the second EOF of yy 300 displays elements of a meridional shift, but the pattern is stronger and purer in the Atlantic-Indian sector. The second EOF in the South Pacific also contains elements of a zonal shift, which casts some doubt on the physical significance of this EOF and the associated PC. With this exception, the second pattern of variability in yy 300 within sectors of the Northern and Southern Hemisphere tends to be a latitudinally shifting pattern that is largely confined to the sector in which the EOF analysis is performed. In the Southern Hemisphere, more canonical pulsing and latitudinally shifting patterns can be obtained by performing EOF analysis on data that have been stratified by both sector and season (not shown). Figure 6 shows the seasonal cycle of variance associated with the pulsing and latitudinally shifting patterns in yy 300 from the four sectors. In the Northern Hemisphere, both the raw variance (not shown) and the variance associated with the leading PCs tend to be concentrated during the winter and spring months-November through May in the Pacific sector and November through March in the Atlantic sector. In the Southern Hemisphere sectors, the raw and explained variances are more evenly distributed throughout the year.
The analysis has so far focused mainly on high-pass filtered 300-hPa meridional wind variance (yy 300 ) as an indicator of baroclinic wave intensity. Table 4 shows correlations between the so-called pulsing and latitudinally shifting patterns of storm-track variability based on alternate indicator variables (yy 300 , zz 500 , and yT 850 ) as input to the PC analysis. Northern Hemisphere results in Table 4 are based on the months from December to March, during the time when the pulsing and latitudinally shifting patterns are most prominent and during the season in which the patterns of Northern Hemisphere geopotential height variability have been most commonly defined. Separate analysis has shown that pulsing and latitudinally shifting patterns tend to dominate the first and second EOFs in both sectors of both hemispheres (except possibly the South Pacific) for yy 300 , zz 500 , yT 850 , and most of the possible storm-track indicator variable/height combinations described in the introduction within the NCEP-NCAR reanalysis (Wettstein 2007 ) and within the ERA-40 reanalysis (not shown). The coherence of such patterns in different storm-track intensity statistics at different heights is also suggested by the strength of the correlations in Table 4 . In general, correlations between the first or second PCs from the variables shown in Table 4 are highest when one of PCs is based on geopotential height variance at 500 hPa (zz 500 ). Correlations between the variables also tend to be higher for the first (pulsing) PC than for the second (latitudinally shifting) PC. Pulsing and latitudinally shifting patterns also tend to dominate the first and second EOFs in both sectors of both hemispheres for more dynamically motivated storm-track indicator variables, such as 300-hPa yu and yy 2 uu (not shown). The yy 300 indices of pulsing and latitudinally shifting patterns are strongly correlated with PCs of eddy kinetic energy (y y 1 uu) and the anisotropy of the eddy wind field (y y 2 uu) at 300 hPa (not shown), suggesting that baroclinic wave activity is a good proxy for both of these alternate indicators at 300 hPa. In general, the correlations in Table 4 suggest the existence of qualitatively consistent patterns of storm-track variability in a variety of different indicator variables, although the quantitative correspondence is far from perfect. For simplicity, baroclinic wave activity aloft (yy 300 ) will continue to be used to represent the pulsing and latitudinally shifting patterns of storm-track variability.
Relating geopotential height and storm-track variability
In this section, we investigate the relationship between the patterns of geopotential height variability and the a. Baroclinic wave activity aloft and upper-tropospheric wind/geopotential height regressed onto teleconnection indices defined by SLP (NH) and z850 (SH) PCs Figure 7 shows the 300-hPa geopotential height (z 300 ) and baroclinic wave activity (yy 300 ) regressed onto standardized indices of the West Pacific and North Atlantic Oscillation patterns defined as the second (WP) and first (NAO) sector-based SLP PCs as described at the end of section 2. The sign of the PC-based NAO index is consistent with the station-based index described in Hurrell (1995) , but the sign of the West Pacific pattern is reversed relative to Wallace and Gutzler (1981) to make it analogous to this standard NAO sign convention, with the positive WP polarity corresponding to anomalously strong westerlies in the core of the midlatitudes. The 300-hPa geopotential height signatures of both the WP and NAO patterns are dominated by meridional dipoles with positive anomalies in the southern lobes and relatively stronger negative anomalies in the northern lobes. Positive WP and NAO index values are associated with an increase in baroclinic wave activity aloft within and downstream of the maximum gradient in the geopotential height anomaly dipoles, coupled with a much weaker decrease in baroclinic wave activity aloft at lower latitudes. Regressions of geopotential height, zonal wind, and baroclinic wave activity aloft onto the first PC of SLP in the Northern Hemisphere [i.e., the NAM of Thompson and Wallace (2000) , not shown] are qualitatively similar to those for the North Atlantic Oscillation over both the Pacific and Atlantic, which is not surprising given the high correlation between the two indices (e.g., Table 2 ). Figure 8 shows the regressions of yy 300 and 300-hPa zonal wind anomalies (u 300 ) onto the WP and NAO indices. For reference, the axis of the climatological-mean u 300 maximum is also indicated. The positive polarity of the WP and NAO patterns can be viewed as anomalous poleward displacements of the respective climatologicalmean upper-tropospheric jet exit regions. The tripole in zonal wind anomalies, with a dominant midlatitude lobe meridionally coincident with baroclinic wave activity anomalies, is reminiscent of the idealized interaction between the climatological-mean storm track and the background flow described in Fig. 7 .9 of Hoskins (1983) . A positive NAO index is associated with a secondary maximum in subtropical zonal wind anomalies that has no counterpart in the WP regression. This feature possibly reflects the anomalous zonal momentum forcing induced by the weak decrease in baroclinic wave activity in lower latitudes associated with the NAO. Figure 9 shows patterns obtained by regressing z 300 and yy 300 fields onto standardized PNA and EA indices. The sign of the PC-based indices were chosen to match the sign of the PNA as defined in Wallace and Gutzler (1981) , but the sign of the EA index is reversed from their convention to make it analogous to that in the PNA pattern. With this sign convention, the positive polarity of both the PNA and EA patterns is associated with anomalously strong baroclinic wave activity aloft at lower latitudes and anomalously weak baroclinic wave activity aloft at higher latitudes-in other words, with an equatorward shift of the storm track. Anomalies in baroclinic wave activity aloft tend to be strongest downstream of the strongest geopotential height anomaly gradients.
Regressions of 300-hPa zonal wind anomalies onto the PNA and EA patterns both indicate a strengthened and zonally extended upper-tropospheric jet in the positive polarity of the PNA and EA patterns within the respective sectors (Fig. 10) , reminiscent of the extended and retracted Pacific jet modes described by Simmons et al. (1983) . As with the WP and NAO patterns in Fig. 8 , anomalies in baroclinic wave activity aloft are meridionally confined to latitudes near the zonal wind anomalies, possibly reflecting a coupled wave-mean flow response in the monthly anomalies conceptually similar to the climatological-mean response envisioned by Hoskins (1983) . It is also possible that the stronger and more zonally oriented jet-level winds associated with the positive polarity of the PNA and EA indices restrict the propagation of baroclinic wave activity to higher latitudes, resulting in the anomalous dipole pattern shown in Fig. 10 .
The tripole pattern in zonal wind anomalies associated with the PNA and EA indices is shifted equatorward relative to the dominant tripole associated with the WP and NAO patterns. The secondary high-latitude zonal wind anomalies associated with the PNA and EA indices are stronger than the secondary low-latitude anomalies, which is opposite of the situation for the WP and NAO (Fig. 8) . Stronger secondary lobes in the zonal wind anomaly patterns are in each case, however, linked to anomalous baroclinic wave activity-at higher latitudes in the PNA and EA patterns and at lower latitudes in the WP and NAO patterns. Figure 11 shows patterns obtained by regressing yy 300 , z 300 , and u 300 fields onto the standardized first PC of 850-hPa geopotential height (z 850 ) variability in the extratropical Southern Hemisphere [i.e., the SAM index of Thompson and Wallace (2000) ]. A positive SAM index is associated with a poleward shift in baroclinic wave activity and the extratropical jet over the eastern Atlantic, Indian Ocean, and western South Pacific, but also with increased baroclinic wave activity and a stronger extratropical jet over the central and eastern South Pacific and western South Atlantic. The SAM is also associated with 300-hPa geopotential height anomalies with a generally annular signature but which are concentrated in different regions, as indicated in Fig. 11 . Anomalies in baroclinic wave activity aloft associated with the SAM are restricted mostly to the latitudes with notable zonal wind anomalies, as shown in Fig. 11 . Baroclinic wave activity and zonal wind anomalies associated with the SAM are weaker and less clearly related to the extratropical upper-tropospheric jet than the teleconnection patterns in the Northern Hemisphere.
b. Upper-tropospheric geopotential height regressed onto pulsing and latitudinally shifting storm-track variability indices Figure 12 shows the patterns obtained by regressing z 300 and yy 300 onto standardized winter indices of the first (pulsing) pattern of storm-track variability in the North Pacific and Atlantic. The winter-only patterns in baroclinic wave activity resemble the patterns from the allmonth analysis of Fig. 2 , except they are slightly stronger and there is a relatively weak secondary decrease in FIG. 9 . As in Fig. 7 , but for regressions onto the PNA and EA indices. Fig. 8 , but for regressions onto the PNA and EA indices.
FIG. 10. As in
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baroclinic wave activity aloft at lower latitudes. Pulses in winter baroclinic wave activity aloft are accompanied by z 300 gradients indicative of a strengthening of the westerlies along the axis of enhanced baroclinic wave activitypatterns that resemble the z 300 regressions onto the WP and NAO indices shown in Fig. 7 . Figure 13 shows the corresponding patterns for the second (latitudinally shifting) indices of baroclinic wave activity aloft in the North Pacific and Atlantic. The meridional dipole in baroclinic wave activity and the wavelike response in geopotential height anomalies resemble the corresponding patterns associated with the PNA and EA patterns in Fig. 9 . As in Fig. 12 , the zonal bands of yy 300 anomalies coincide with meridional gradients of z 300 indicative of bands of zonal wind anomalies and vice versa.
In the Southern Hemisphere, z 300 anomalies associated with the second PC of baroclinic wave activity aloft (Fig. 14) are stronger than those associated with the first PC of Southern Hemisphere baroclinic wave activity aloft (not shown) and they strongly resemble z 300 anomalies associated with the SAM index. Similar, but more clearly defined, relationships have been documented for austral summer (Codron 2005) and austral winter (Codron 2007) . Table 5 summarizes time series correlations between the dominant patterns of geopotential height and stormtrack variability based on PCs of yy 300 , zz 500 , and yT 850 . In the Northern Hemisphere, the patterns of lowertropospheric geopotential height variability have coherent preferred relationships with either a pulsing or a latitudinally shifting pattern of storm-track variability, as indicated in the sector-based PCs of yy 300 , zz 500 , and yT 850 . The NAO and WP patterns are most strongly associated with pulsing patterns of storm-track variability in their respective sectors; the EA and PNA patterns are most strongly associated with a latitudinally shifting pattern of storm-track variability. Correlation magnitudes shown in Table 5 between the PCs of yy 300 , zz 500 , and yT 850 storm-track variability and the SLP PCbased indices of the WP, PNA, and EA patterns are stronger than those reported in Lau (1988) and shown in Table 1 . Because there are no obvious advantages in the analysis method presented here with respect to that described by Lau (1988) , the higher correlations reported here may result from a more faithful representation of storm-track and geopotential height variability in the reanalysis products than in the operational analysis available to Lau (1988) . Time series correlations (not shown) between indices of the dominant patterns of geopotential height variability and indices of either pulsing or latitudinally shifting patterns resulting from PC analysis performed on more dynamically motivated FIG. 11 . Regressions of monthly averaged y y 300 (color shading), (top) z 300 (contours) and (bottom) u 300 (contours) onto the standardized SAM index defined in the text. Prominent maxima and minima from the z 300 regressions are noted with magenta and cyan markers, respectively. Contour intervals for the y y 300 , z 300 , and u 300 regressions are 10 m 2 s 22 , 20 m, and 2 m s 21 per standard deviation, respectively. Black contours represent positive anomalies and gray contours represent negative anomalies. The zero contour in the z 300 regression is bold. The latitude of maximum climatologicalmean u 300 poleward of 408S is indicated by a black arrow in the bottom panel, except over the eastern South Pacific and western South Atlantic where this latitude range includes the poleward flank of the subtropical jet.
storm-track indicators [e.g., 300-hPa yu and (yy 2 uu)] result in preferred relationships consistent with and of roughly the same magnitude as those shown in Table 5 for yy 300 , zz 500 , and yT 850 .
Correlations between the NAM and SAM indices and different hemispheric-or sector-based storm-track indicators are also shown in Table 5 . The highest NAM index correlations in the table are with pulsing indices of storm-track variability in the North Atlantic. The highest SAM index correlations in Table 5 are with the second hemispheric PCs of yy 300 and yT 850 , each of which represents a simultaneous enhancement of the South Pacific Correlation coefficients were also computed between the NAO, NAM, WP, EA, PNA, and SAM indices and the PCs of yy, zz, and yT calculated independently over the range of tropospheric levels. Correlations between the well-known indices of geopotential height variability and pulsing or latitudinally shifting PCs of yy and zz are generally stronger and more consistent over a larger tropospheric depth interval than those associated with PCs of yT (not shown). Consistent correlations between the leading patterns of geopotential height variability and PCs of yy and zz calculated independently at different levels in the troposphere suggest not only that the first and second PCs of yy and zz reliably represent pulsing and latitudinally shifting storm tracks, but also that the patterns of storm-track variability are coherently related to the well-known patterns of geopotential height variability throughout the depth of the troposphere.
Discussion
In view of the nonnormal distributions of the high-pass filtered variance or covariance fields used in this study, one could question whether it is appropriate to use a linear analysis technique such as EOF analysis for characterizing the patterns of storm-track variability. In defense of our approach, however, it can be argued that EOF analysis of high-frequency variance fields has yielded useful results in a number of previous studies cited in this paper. Furthermore, similar patterns of storm-track variability emerge when the high-pass filtered variance fields are regressed on indices of the leading patterns of geopotential height variability and when EOF analysis is performed based on alternate storm-track intensity indicators that have normal or near-normal probability density functions. Irrespective of the analysis method , 1980-2001) and results based on rms 300-hPa meridional wind in the Atlantic. In both cases, the eigenvalues are not well separated and the leading EOFs are linear combinations of pulsing and latitudinally shifting patterns.
As noted in the previous section, the relationships between geopotential height and storm-track variability are less coherent in the Southern Hemisphere than in the Northern Hemisphere. Because of this lack of coherence and the absence of well-defined sectoral variance maxima, the Southern Hemisphere results are more difficult to interpret. We found that performing the analysis on seasonally stratified data does not substantially clarify either the storm-track variability patterns or their relationships to geopotential height variability. Therefore, the results presented here should not be interpreted as ruling out the possibility that the SAM could modulate the Southern Hemisphere storm-track variability on a hemispheric scale.
Based on our current understanding of wave-mean flow interaction associated with the annular modes (Robinson 2000; Lorenz and Hartmann 2003) , one might expect that the poleward shift of the jet that occurs in association with the positive polarity of the NAM (NAO) would be accompanied by a simultaneous poleward shift in the storm track. However, the relationships shown in Fig. 8 and Table 5 suggest that the positive polarities of the NAO and WP patterns (hereafter denoted NAO1 and WP1; likewise for other composites) are characterized primarily by enhanced, rather than poleward-shifted, baroclinic wave activity aloft. In contrast, the NAO2 and WP2 polarities are characterized by weaker baroclinic wave activity aloft and a stronger, more meridionally restricted, and more zonally oriented upper-tropospheric jet. These relationships are highlighted in the 300-hPa baroclinic wave activity and zonal wind composites shown in Fig. 15 . The decreased Pacific storm-track intensity and its association with a strong and meridionally confined Pacific jet in WP2 is generally consistent with the results of Nakamura (1992) .
One interpretation of the WP and NAO composites shown in Fig. 15 is that the poleward shift and eastward elongation of the jet exit regions in WP1 and NAO1 results from a more vigorous midlatitude jet driven by enhanced baroclinic wave activity in the climatologicalmean storm tracks poleward and downstream of the climatological-mean jets. An alternative interpretation is that baroclinic wave activity aloft is intensified when the jet exit region bends poleward, bringing stronger winds over regions of strong baroclinicity. Yet another possible interpretation is that Doppler shift-associated biases might affect relationships between anomalies in zonal wind speed and storm-track intensity, as suggested by Burkhardt and James (2006) , but this effect has been shown to have only a negligible influence on bandpassfiltered storm-track statistics associated with the NAO Chang (2009) . Figure 16 shows a simplified composite analogous to Fig. 15 , but for contrasting polarities of the Pacific-North America and East Atlantic patterns. Relative to the climatology, PNA1 and EA1 are associated with zonally extended jets and baroclinic wave activity that is meridionally confined to the jet exit regions. In contrast, PNA2 and EA2 are characterized by retracted jets and meridionally diffuse baroclinic wave activity poleward and downstream of them, consistent with Fig. 10 . One interpretation of the PNA and EA composites is that a strong and zonally extended upper-tropospheric jet provides a favorable environment for baroclinic wave development but tends to confine the waves meridionally. When the jet is retracted, baroclinic waves tend to develop farther poleward, where the surface baroclinicity is stronger. Alternatively, it could be argued that the extended jets in the PNA1 and EA1 polarity are a response to an equatorward shift of the storm tracks into the jet exit regions. Figures 8, 10, 15, and 16 show that the covariability of upper-tropospheric zonal winds and baroclinic wave activity tends to be concentrated in the vicinity of the climatological-mean jet exit regions and also tends to be associated with simple distortions of the climatologicalmean upper-tropospheric jet. The fact that the features of interest are zonally varying argues for an evaluation of the full three-dimensional co-evolution of baroclinic eddies, their attendant momentum fluxes, and the anomalies in the background flow. This is the motivation behind a forthcoming paper (J. Wettstein 2010, unpublished manuscript) focusing on the day-to-day evolution and persistence of observed baroclinic waves and zonal wind anomalies.
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